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Abstract An understanding of past atmospheric variability during El Niño–Southern Oscillation (ENSO)
events is critical for informing debate on current and future changes in precipitation in a warming world.
Here we show that atmospheric moisture content over much of Australia during inﬂow-generating
precipitation days (≥10mmd1) associated with La Niña (El Niño) events has increased (decreased) over
the period 1958–2015. This is most notable in tropical latitudes which are the source of moisture of
most precipitation ≥ 10mm in southeast Australia (SEA). These trends are consistent with climate model
projections and increases in tropical sea surface temperatures since the 1950s. They conﬁrm that enhanced
tropical ocean forcing of interannual climate variability through ENSO due to global warming is changing the
hydroclimate of midlatitudes and in-turn will require major changes to water resource use and management.
1. Introduction
Changes to the global climate system since the 1950s have resulted in warmer tropical ocean sea surface
temperatures (SSTs), greater atmospheric moisture content, and a more energetic hydrological cycle
[Wang et al., 2016; Cravatte et al., 2009]. These changes signify consequences not only for tropical hydrocli-
mates but also for extratropical regions as a result of moisture transport along key atmospheric pathways
toward higher latitudes [Mhl et al., 2005]. A key factor in the propagation of climate anomalies from the
tropics is the El Niño–Southern Oscillation (ENSO) phenomenon—a leading cause of interannual climate
variability, with impacts known to disrupt weather patterns worldwide through global teleconnections [Cai
et al., 2014; Trenberth, 1998]. Through reorganization of atmospheric convection, ENSO affects global patterns
of drought and ﬂood [Ward et al., 2016] and associated natural disasters in North [Trenberth and Guillemot,
1995] and South America [Grimm and Tedeschi, 2009], bushﬁres across Alaska [Hess et al., 2001], and tropical
cyclone occurrence in the South Paciﬁc [Vincent et al., 2011]. In addition to extreme events, precipitation-
bearing synoptic-scale weather systems have also been shown to vary signiﬁcantly during ENSO events
[Newton et al., 2014; Stahl et al., 2006] in response to atmospheric circulation changes [Cai et al., 2014;
Trenberth, 1998]. Regional hydroclimates are therefore vulnerable to the effects of ENSO cycles [e.g., Zhou
et al., 2014] which are projected to continue to change [Cai et al., 2014] and trend toward more prolonged
El Niño’s, interspersed with ﬂooding La Niña events [Alexander and Arblaster, 2009]. These changes in
ENSO will have profound consequences for weather and regional water availability around the globe.
Regionalwatermanagement relies in part on knowledgeof historic precipitation variability, with recent events
providing useful guidelines for development of ﬂexible water management strategies [Intergovernmental
Panel on Climate Change (IPCC), 1995]. The economically important Snowy Mountains region of southeast
Australia (SEA; Figure 1a) relies on regular precipitation events in excess of 10mm/d to generate inﬂow to
reservoirs [Theobald et al., 2015a] used for hydroelectricity generation, irrigated agriculture and environmen-
tal ﬂows. Sources of precipitation in the Snowy Mountains have been tied to ocean regions using synoptic
typing [Theobald et al., 2015a]. Overwhelmingly, the majority of precipitation that generates inﬂows has a
moisture source over the tropical Paciﬁc or Indian Oceans northeast and northwest of Australia, respectively
[Theobald et al., 2015a]. Accordingly, the state of these tropical oceans is a key factor in the delivery of pre-
cipitation to the Snowy Mountains, and tropical SST variability can alter precipitation characteristics of
this region.
ENSO is a signiﬁcant driver of precipitation variability in SEA with El Niño (La Niña) events associated with
below (above) average precipitation [Gallant et al., 2012; Brown et al., 2009] through changes in the occur-
rence of precipitation events [Pui et al., 2012]. Impacts of El Niño (La Niña) events for SEA include increased
THEOBALD AND MCGOWAN ATMOSPHERIC HUMIDITY TRENDS DURING ENSO 10,901
PUBLICATIONS
Geophysical Research Letters
RESEARCH LETTER
10.1002/2016GL070767
Key Points:
• Enhanced tropical ocean forcing of
interannual climate variability via
ENSO is changing the hydroclimate of
Australian alpine regions
• Trends in atmospheric pressure and
humidity enhance (suppress) tropical
moisture advection and content
during La Niña (El Niño)
• Analyses conﬁrm predicted effects of
global warming on precipitation are
seemingly eventuating
Supporting Information:
• Supporting Information S1
Correspondence to:
A. Theobald,
a.theobald@uq.edu.au
Citation:
Theobald, A., and H. McGowan
(2016), Evidence of increased tropical
moisture in southeast Australian alpine
precipitation during ENSO, Geophys. Res.
Lett., 43, 10,901–10,908, doi:10.1002/
2016GL070767.
Received 8 AUG 2016
Accepted 30 SEP 2016
Accepted article online 4 OCT 2016
Published online 20 OCT 2016
©2016. American Geophysical Union.
All Rights Reserved.
risk of drought (ﬂood), bushﬁre [Gallant et al., 2012], decreased snow cover [Pepler et al., 2015], and stream-
ﬂow [Chiew et al., 2011]. Historically, the winter half year has been the wettest season in the Snowy
Mountains; however, there is evidence that this may be changing [Theobald et al., 2015b]. The highest
7 day rainfall accumulation on record was observed between 27 February and 4 March 2012 coinciding with
a strong La Niña event, with totals in excess of 400mm causing widespread ﬂooding [BoM, 2012]. In conjunc-
tion with increasing atmospheric moisture content due to a warming climate [Trenberth, 1998; Gillies et al.,
2012], these associations reiterate the strong practical impacts that are likely to occur in the future. In regions
with similar reliance on water resources [e.g., Newton et al., 2014], regional water managers therefore need to
prepare for changing precipitation patterns as a result of stronger ENSO events in a warming climate.
We ﬁrst present a comparison of regional precipitation during ENSO phase. We then examine trends in mean
sea level pressure (MSLP) to detect areas of enhanced or suppressed convection and atmospheric moisture
associated with inﬂow-generating precipitation during ENSO events over the period 1958–2015. Changes in
sea surface temperature (SST) are also presented to support our ﬁndings. Consequently, an indication of how
current and future changes in ENSO may affect regional hydroclimate is given.
2. Data and Methods
Analysis focuses on precipitation days when ≥ 10mm is observed—the minimum amount necessary to gen-
erate inﬂow in the headwater catchments of the Snowy Mountains, SEA. Precipitation data were obtained
from Snowy Hydro Limited, augmented with Patch Point data from the Queensland Government [Jeffrey
et al., 2001], to produce a daily record from which days ≥ 10mm were extracted. The ERA-Interim and ERA-
40 reanalysis data sets from ECMWF were used to assess spatial trends in MSLP, 500 hPa geopotential height
(z500), atmospheric moisture content (speciﬁc humidity, SH) at 850 hPa (representative of surface conditions
at the altitude of the Snowy Mountains), 700 hPa (level from which precipitation is typically generated
Figure 1. (a) Location of the Snowy Mountains (black thick rectangle). (b) Annual time series of SOI (dots represent annual average SOI value, black line is a 3 year
moving average), (c) annual inﬂow for the Snowy Mountains, and (d) annual precipitation from days delivering ≥ 10mm/d. Horizontal dashed lines indicate ± 1
standard deviation. Pink shaded areas indicate El Niño events; blue shading indicates La Niña events (http://www.bom.gov.au/climate/enso/lnlist/).
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[McIntosh et al., 2007]) and 500 hPa
(above which moisture declines
rapidly), and SST. Observations from
several levels are considered neces-
sary to adequately represent impor-
tant climatological changes [IPCC,
1995]. Furthermore, these levels indi-
cate the depth of changes in atmo-
spheric moisture content. Reanalysis
data were obtained for the period
1958–2015, at 2.5° spatial resolution
(0.75° resolution for SST for better
resolution of coastal data), for the gridded area 80–180°E, 0–50°S. All reanalysis data were seasonally standar-
dized prior to analysis, to take account of strong seasonal variability. Precipitation days were divided into
subsets of those that occurred during sustained El Niño or La Niña events (at least 3months above or below
the deﬁned threshold), using the Southern Oscillation Index (SOI; www.bom.gov.au/climate/current/soihtm.
shtml) to represent the atmospheric component of ENSO. In line with the Australian Bureau of Meteorology’s
(BoM) deﬁnition (prior to 2015) and published literature, a threshold of +8.0 (8.0) for La Niña (El Niño) was
used to deﬁne ENSO events (based on± 1 standard deviation) [Murphy and Timbal, 2008]. A total of 391 (528)
individual precipitation days occurred during El Niño (La Niña) events, and it is these days for which linear
trends are calculated.
Signiﬁcance tests for precipitation were conducted using a nonparametric two-tailed Kolmogorov-Smirnoff
test. Linear trends for MSLP, z500, SH at 850 hPa, 700 hPa, and 500 hPa, and SST were calculated using ordin-
ary least squares regression for each grid point within the area 80–180°E, 0–50°S for the period 1958–2015, for
those days associated with precipitation (≥10mm) in either El Niño or La Niña periods (n=391 days and
n= 528 days, respectively). Trends were plotted as contour maps, and areas of signiﬁcance determined at
the 95% level, shown as hatching overlaid on the contour maps. Calculated trends are considered to be inde-
pendent of temperature effects, due to the use of SH. Figures S1–S3 show the mean ﬁelds for MSLP, z500, SH,
and SST during El Niño and La Niña periods, as a baseline against which to compare calculated trends.
Figures S4–S6 show estimates of uncertainty associated with each trend.
3. Comparison of Precipitation During ENSO Events
Using the Southern Oscillation Index (SOI) as an indicator of ENSO, our results show signiﬁcant differences in
inﬂow-generating precipitation during El Niño, La Niña, and neutral ENSO events in the Snowy Mountains
region (Table 1). P values indicate that mean monthly precipitation during La Niña events is signiﬁcantly
higher than that recorded during both El Niño and neutral SOI conditions. In addition, precipitation during
El Niño is signiﬁcantly lower than that during neutral periods, all at> 95% conﬁdence level. Figure 1 shows
that the highest (lowest) annual inﬂows and precipitation largely coincide with noted La Niña (El Niño) events
(http://www.bom.gov.au/climate/enso/lnlist/). Precipitation is noticeably lower during several El Niño-related
droughts that have occurred since 1958 (e.g., 1982/1983 and 2006/2007; Figure 1d), while La Niña years tend
to coincide with recorded ﬂoods (e.g., 1974 and 2012), including the breaking of the Millennium Drought
in 2010.
4. Changes in Mean Sea Level Pressure
Figure 2 shows the linear trend in MSLP for La Niña and El Niño events that coincide with pre-
cipitation ≥ 10mmd1. We estimate uncertainty in these trends to be a maximum of ± 0.4 hPa (Figure S4).
La Niña events are associated with a signiﬁcant deepening of the low-pressure trough across northern
Australia (Figures 2a and S1a), a branch of which extends southward over central and southern Australia.
Together with the high-pressure center over the Tasman Sea, and upper level highs (Figure 2c), these features
drive and enhance the tropical easterly ﬂow of moist air over the continent. El Niño events have seen signiﬁ-
cant strengthening of MSLP over southern Australia that extends over much of the continent (Figures 2b and
S1b). South to south easterly ﬂow directed toward the Snowy Mountains is enhanced by a deepening upper
Table 1. Average Monthly Precipitation ± 95% Conﬁdence Intervals, From
All Synoptic Types Delivering at Least 10mmd1 to the Snowy Mountains
Region of SEA, During Positive, Negative, and Neutral Phases of the
Southern Oscillation Index (SOI)a
SOI Phase
Mean Monthly
Precipitation (mm) P value
La Niña 142.1 ± 16.6 La Niña> El Niño< 0.0001
El Niño 89.8 ± 10.6 El Niño< neutral 0.0279
Neutral 117.2 ± 6.8 La Niña> neutral 0.003
aP values indicating signiﬁcance between phases are given in the third
column.
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trough at 500 hPa (Figure 2d). These regions of ascending and subsiding air act to enhance and suppress pre-
cipitation during La Niña and El Niño events, respectively. Interestingly, the subtropical and tropical oceans
surrounding Australia have seen signiﬁcant trends toward lower pressure over the analysis period. While this
trend remained for La Niña events for a slightly shorter analysis period 1958–2012 (thereby excluding any
effects of the recent El Nino), it was not as strong or signiﬁcant over the western Paciﬁc Ocean for El Niño
events during the shorter period. We therefore suggest it is in some way connected to the strong El Niño
event which began in 2015. While the exact physical mechanism for this is unclear, it is most likely related
to record high SSTs observed over the Coral Sea [BoM, 2016] to create a zone of lower atmospheric pressure
(https://www.ncdc.noaa.gov/teleconnections/enso/enso-tech.php).
5. Changes in Speciﬁc Humidity
Signiﬁcant positive trends in SH during La Niña events are apparent throughout a deep layer of the atmo-
sphere from 850–500 hPa (Figures 3a–3e) and coincide with regions of higher mean SH (Figures S2a, S2c,
and S2e). In particular, there has been a signiﬁcant increase in atmospheric moisture over the tropical oceans
north and northwest of Australia and over much of the continent. At all levels, a band of signiﬁcantly more
humid air extends southeastward from the tropical eastern Indian Ocean toward SEA, particularly apparent
at 700 hPa and 500 hPa (Figures 3c and 3e). The Snowy Mountains sit underneath an area of signiﬁcantly
more humid air at each atmospheric level.
Figure 2. Linear trends in (a and b) MSLP, hPa, and (c and d) 500 hPa geopotential height, m, 1958–2015 for precipitation days during La Niña (Figures 2a and 2c),
and precipitation days during El Niño (Figures 2b and 2d) events. Colored contours show the sign and magnitude of the trend, 95% signiﬁcance is indicated by
hatched areas. The location of the Snowy Mountains is indicated by the black rectangle in Figure 2a.
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Conversely, areas of signiﬁcantly increasing humidity are restricted to northeastern Australia during El Niño
events (Figures 3b, 3d, 3f, and S2b), and signiﬁcant trends are more patchy than for La Niña. A drying trend
is apparent over parts of the continent, particularly at 700 hPa and is signiﬁcant over the Snowy Mountains
region at this level (Figure 3d). Importantly, this signiﬁcant drying occurs at the level from which precipitation
is most often generated over SEA [McIntosh et al., 2007] and extends along both the moisture pathway from
northwest Australia, and in the vicinity of onshore easterlies from the Tasman Sea, to the Snowy Mountains.
Uncertainty estimates of a maximum±0.35 103 kg/kg exist for SH (Figure S5).
6. Discussion
Numerous studies have demonstrated that ENSO is an inﬂuential driver of precipitation in SEA [e.g., Murphy
and Timbal, 2008; Risbey et al., 2009; Kiem and Verdon-Kidd, 2010; Gallant et al., 2012]. Monthly precipitation in
the SnowyMountains is shown to vary signiﬁcantly between positive, negative, and neutral phases of the SOI,
with the highest average monthly totals observed during La Niña events, consistent with previous studies.
Figure 3. Linear trends in speciﬁc humidity (SH, kg/kg) during (a, c, and e) La Niña events, and (b, d, and f) El Niño events at (Figures 3a and 3b) 850 hPa, (Figures 3c
and 3d) 700 hPa, and (3e and 3f) 500 hPa. Hatching denotes signiﬁcance at 95%. Note that blue (red) colors indicate higher (lower) moisture content.
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Our results have shown that decreased surface pressure across northern Australia serves as a mechanism for
greater tropical convection during La Niña events. The signiﬁcantly increasing atmospheric moisture content
to the north and northwest of Australia during La Niña events is consistent with increasing global air and tro-
pical SSTs apparent since the 1950s [Wang et al., 2016; Cravatte et al., 2009] (Figures 4a and S3). Transport of
this warmer, more humid air along tropical-extratropical moisture pathways from oceans northeast and
northwest of Australia (identiﬁed as important for inﬂow-generating rainfall in the Snowy Mountains
[Theobald et al., 2015a]) results in orographic enhancement of precipitation when the humid air meets the
topography of the Snowy Mountains [McIntosh et al., 2007; Chubb et al., 2011]. In addition, the high-pressure
center over the Tasman Sea enhances warm air advection toward SEA and is particularly conducive to
enhanced summer precipitation [Risbey et al., 2009]. We suggest that transport of increasing amounts of
humid tropical air during La Niña is conducive to more intense precipitation. This is consistent with increases
in intense precipitation during El Niño events in western North America in a warming climate [Zhou et al.,
2014] and has resulted in earlier snowmelt and a decline in the proportion of snowfall in Utah [Gillies et al.,
2012]. Similarly, more intense precipitation is consistent with trends previously described for the Snowy
Mountains [Theobald et al., 2015b] and projections for SEA [Post et al., 2012]. A further consequence of a more
energetic atmosphere associated with global warming [Wang et al., 2016; Cravatte et al., 2009; IPCC, 1995],
this signiﬁes impacts for regional water policy [Gillies et al., 2012], as well as socioeconomic impacts for
alpine regions.
The area of deepening MSLP off northwest Western Australia (NWWA) is interesting with regards to its effects
on increasing summer precipitation described for NWWA [O’Donnell et al., 2015] and the Snowy Mountains
region of SEA [Theobald et al., 2015b]. We suggest that in conjunction with increasing SSTs off the midwest
Australian coast [O’Donnell et al., 2015; Zinke et al., 2014] (Figure 4), this may be a key region for generation
of rainfall that subsequently falls in SEA. These results are consistent with previous studies which showed a
combination of La Niña and above average SSTs off NWWA resulted in increased summer rainfall in SEA
[Verdon-Kidd et al., 2014].
El Niño events are typically associated with cooler SSTs in the western tropical Paciﬁc and Coral Sea which
limit evaporation and convection. The greater number of cloud-free days, however, leads to heating of the
sea surface and overlying atmosphere, increasing its ability to hold moisture. Our results show that the
response of SH to El Niño is varied. Areas of increasing humidity remain restricted to tropical latitudes along
the northeast coast, and the pattern of MSLP trends inhibits advection of tropical moisture toward the mid-
latitudes. Accordingly, tropical-sourced rainfall has becomemore suppressed over SEA during El Niño events.
However, our results also show a trend toward lower MSLP around the coastline of Australia in subtropical-
Figure 4. Linear SST trend (°C) during (a) La Niña events and (b) El Niño events. All grid points display signiﬁcant trends (not hatched for clarity), except those small
regions outlined in black.
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tropical latitudes. This may be related to the particularly strong El Niño of 2015/2016 when this trend ended.
Above average SSTs in the tropical eastern Indian Ocean during this latest El Niño event acted to subdue
some of the rainfall anomalies normally expected from an event of this magnitude. Furthermore, SSTs sur-
rounding Australia, including the Coral Sea, were amongst the highest on record, in spite of the El Niño
[BoM, 2016] and are likely to have contributed to lower atmospheric pressures in this region.
MSLP trends, in combination with a deepening upper level trough over SEA and suppressed tropical moisture
advection, suggest that the Snowy Mountains catchments could reasonably expect to rely mostly on
Southern Ocean weather systems during El Niño episodes to deliver precipitation. However, this moisture
source too is undergoing changes as increasingly positive trends in the Southern Annular Mode force the
midlatitude westerly wind belt and its embedded cold fronts poleward [Whan et al., 2014]. In a similar way
that La Niña events induce atmospheric circulation anomalies favorable to drought conditions over parts
of the United States [Trenberth and Guillemot, 1995], the trends presented in this study suggest that future
El Niño’s may likely mean further exacerbation of rainfall deﬁciencies in SEA, with implications for the region’s
water storages. We acknowledge that estimates of uncertainty (Figures S4–S6), while often relatively low,
indicate trends are dependent on the study period [Risbey et al., 2013].
7. Summary and Conclusion
The results presented here have revealed hydroclimate trends consistent with anthropogenic effects of
global warming on tropical atmospheric moisture content, which have been alluded to since the earliest
Intergovernmental Panel on Climate Change (IPCC) reports [Intergovernmental Panel on Climate Change,
1990]. We have demonstrated that transport of humid air to higher latitudes along atmospheric moisture
pathways [Meehl et al., 2005] is enhanced or suppressed during La Niña and El Niño events, respectively.
Should projections of stronger ENSO cycles eventuate, impacts for the Snowy Mountains region of SEA may
include further exacerbation of long periods of drought, such as the MillenniumDrought (1997–2009) [Timbal
and Fawcett, 2013] interspersed with ﬂooding rains, such as the record 7 day rainfall total recorded in
February–March 2012. Our results are consistent with stronger rainfall anomalies during both warm and cool
ENSO episodes. Given the global impacts of ENSO [Cai et al., 2014], it is probable that other alpine regions,
such as western parts of North America, will experience signiﬁcant hydroclimatic effects as a result of stronger
ENSO cycles. Consistent with Zhou et al. [2014] and Gillies et al. [2012], possible implications for alpine
environments of enhanced tropical moisture inﬂux may include more intense precipitation, increases in
the proportion of rain to snow, changes to the timing of snowmelt, and subsequently wider-reaching regio-
nal water availability and management issues.
References
Alexander, L. V., and J. M. Arblaster (2009), Assessing trends in observed and modelled climate extremes over Australia in relation to future
projections, Int. J. Climatol., 29(3), 417–435.
BoM (2012), Exceptional heavy rainfall across southeast Australia, Special climate statement. 39, 1 p.
BoM (2016), Weekly sea surface temperatures. [Available at http://www.bom.gov.au/climate/enso/#tabs=Sea-surface.]
Brown, J. N., P. C. McIntosh, M. J. Pook, and J. S. Risbey (2009), An Investigation of the Links between ENSO Flavours and Rainfall Processes in
Southeastern Australia, Mon. Weather Rev., 137, 3786–3795.
Cai, W., et al. (2014), Increasing frequency of extreme El Niño events due to greenhouse warming, Nat. Clim. Change, 4, 111–116.
Chiew, F. H. S., W. J. Young, and W. Cai (2011), Current drought and future hydroclimate projections in southeast Australia and implications
for water resources management, Stochastic Environ. Res. Risk Assess., 25, 601–612.
Chubb, T. H., S. T. Siems, and M. J. Manton (2011), On the Decline of Wintertime Precipitation in the Snowy Mountains of Southeastern
Australia, J. Hydrometeorol., 12, 1483–1497.
Cravatte, S., T. Delcroix, D. Zhang, M. McPhaden, and J. Leloup (2009), Observed freshening and warming of the western Paciﬁc Warm Pool,
Clim. Dyn., 33, 565–589.
Gallant, A. J. E., A. S. Kiem, D. C. Verdon-Kidd, R. C. Stone, and D. J. Karoly (2012), Understanding hydroclimate processes in the Murray-Darling
Basin for natural resources management, Hydrol. Earth Syst. Sci., 16, 2049–2068.
Gillies, R. R., S. Wang, and M. R. Booth (2012), Observational and synoptic analyses of the winter precipitation regime change over Utah,
J. Clim., 25, 4679–4698.
Grimm, A. M., and R. Tedeschi (2009), ENSO and extreme rainfall events in South America, J. Clim., 22, 1589–1609.
Hess, J. C., C. A. Scott, G. L. Hufford, and M. D. Fleming (2001), El Nino and its impact on ﬁre weather conditions in Alaska, Int. J. Wildland Fire,
10, 1–13.
Intergovernmental Panel on Climate Change (1990), Detection of the greenhouse effect in the observations, inWorking Group I: The Science
of Climate Change, edited by T. M. L. Wigley and T. P. Barnett, pp. 199–233, Cambridge Univ. Press, Cambridge, U. K.
Intergovernmental Panel on Climate Change (IPCC) (1995), The science of climate change, in Working Group I, Second Assessment
Report of the Intergovernmental Panel on Climate Change, edited by J. T. Houghton et al., pp. 137–181, Cambridge Univ. Press,
Cambridge, U. K.
Geophysical Research Letters 10.1002/2016GL070767
THEOBALD AND MCGOWAN ATMOSPHERIC HUMIDITY TRENDS DURING ENSO 10,907
Acknowledgments
Alison Theobald is supported in part
by Snowy Hydro Limited and an
Australian Postgraduate Award.
Precipitation data were obtained from
Snowy Hydro Limited and the
Queensland Government (https://www.
longpaddock.qld.gov.au/silo/ppd/
index.php). The reanalysis data were
obtained from the European Centre for
Medium Range Weather Forecasting
(http://apps.ecmwf.int/datasets/). The
Matlab computing language was used
for data analysis and visualization of
the results.
Jeffrey, S. J., J. O. Carter, K. B. Moodie, and A. R. Beswick (2001), Using spatial interpolation to construct a comprehensive archive of Australian
climate data, Environ. Modell. Software, 16, 309–330.
Kiem, A. S., and D. C. Verdon-Kidd (2010), Towards understanding hydroclimatic change in Victoria, Australia—Preliminary insights into the
“Big Dry”, Hydrol. Earth Syst. Sci., 14, 433–445. [Available at www.hydrol-earth-syst-sci.net/14/433/2010/.]
McIntosh, P. C., M. J. Pook, J. S. Risbey, S. N. Lisson, and M. Rebbeck (2007), Seasonal climate forecasts for agriculture: Towards better
understanding and value, Field Crops Res., 104, 130–138.
Meehl, G. A., J. M. Arblaster, and C. Tebaldi (2005), Understanding future patterns of increased precipitation intensity in climate model
simulations, Geophys. Res. Lett., 32, L18719, doi:10.1029/2005GL023680.
Murphy, B. F., and B. Timbal (2008), A review of recent climate variability and climate change in Southeastern Australia, Int. J. Climatol., 28,
859–879.
Newton, B. W., T. D. Prowse, and B. R. Bonsal (2014), Evaluating the distribution of water resources in western Canada using synoptic
climatology and selected teleconnections. Part 1: Winter season, Hydrol. Processes, 28, 4219–4234.
O’Donnell, A. J., E. R. Cook, J. G. Palmer, C. S. M. Turney, G. F. M. Page, and P. F. Grierson (2015), Tree rings show recent high summer-autumn
precipitation in northwest Australia is unprecedented within the last two centuries, PLoS One, 10(6), e0128533, doi:10.1371/journal.
pone.0128533.
Pepler, A. S., B. Trewin, and C. Ganter (2015), The inﬂuences of climate drivers on the Australian snow season, Aust. Meteorol. Oceanogr. J.,
65(2), 195–205.
Post, D. A., F. H. S. Chiew, J. Teng, B. Wang, and S. Marvanek (2012), Projected changes in climate and runoff for south-eastern Australia under
1 °C and 2 °C global warming, CSIRO, Australia. A SEACI Phase 2 special report.
Pui, A., A. Sharma, A. Santoso, and S. Westra (2012), Impact of the El Niño-Southern Oscillation, Indian Ocean Dipole, and Southern Annular
Mode on daily to subdaily rainfall characteristics in East Australia, Mon. Weather Rev., 140, 1665–1682.
Risbey, J. S., M. J. Pook, P. C. McIntosh, M. C. Wheeler, and H. H. Hendon (2009), On the remote drivers of rainfall variability in Australia,
Mon. Weather Rev., 137, 3233–3253.
Risbey, J. S., M. J. Pook, and P. C. McIntosh (2013), Spatial trends in synoptic rainfall in southern Australia, Geophys. Res. Lett., 40, 3781–3785,
doi:10.1002/grl.50739.
Stahl, K., R. D. Moore, and I. G. McKendry (2006), The role of synoptic-scale circulation in the linkage between large-scale ocean–atmosphere
indices and winter surface climate in British Columbia, Canada, Int. J. Climatol., 26, 541–560.
Theobald, A., H. McGowan, J. Speirs, and N. Callow (2015a), A synoptic classiﬁcation of inﬂow-generating precipitation in the Snowy
Mountains, Australia, J. Appl. Meteorol. Climatol., 54, 1713–1732.
Theobald, A., H. McGowan, and J. Speirs (2015b), Trends in synoptic circulation and precipitation in the SnowyMountains region, Australia, in
the period 1958–2012, Atmos. Res., 169(2016), 434–448.
Timbal, B., and R. Fawcett (2013), A historical perspective on southeastern Australian rainfall since 1865 using the instrumental record,
J. Clim., 26, 1112–1129.
Trenberth, K. E. (1998), Atmospheric moisture residence times and cycling: Implications for rainfall and climate change, Clim. Change, 39(4),
667–694.
Trenberth, K. E., and C. J. Guillemot (1995), Physical processes involved in the 1988 drought and 1993 ﬂoods in North America, J. Clim., 9,
1288–1298.
Verdon-Kidd, D. C., A. S. Kiem, and R. Moran (2014), Links between the Big Dry in Australia and hemispheric multi-decadal climate variability
—implications for water resource management, Hydrol. Earth Syst. Sci., 18, 2235–2256.
Vincent, E. M., M. Lengaigne, C. E. Menkes, N. C. Jourdain, P. Marchesiello, and G. Madec (2011), Interannual variability of the South Paciﬁc
Convergence Zone and implications for tropical cyclone genesis, Clim. Dyn., 36, 1881–1896.
Wang, G., S. B. Power, and S. McGree (2016), Unambiguous warming in the western tropical Paciﬁc primarily caused by anthropogenic
forcing, Int. J. Climatol., 36(2), 933–944.
Ward, P. J., M. Kumma, and U. Lall (2016), Flood frequencies and durations and their response to El Niño Southern Oscillation: Global analysis,
J. Hydrol., 539, 358–378.
Whan, K., B. Timbal, and J. Lindesay (2014), Linear and nonlinear statistical analysis of the impact of sub-tropical ridge intensity and position
on south-east Australian rainfall, Int. J. Climatol., 34, 326–342.
Zhou, Z.-Q., S.-P. Xie, X.-T. Zheng, Q. Liu, and H. Wang (2014), Global Warming-Induced Changes in El Nino Teleconnections over the North
Paciﬁc and North America, J. Clim., 27, 9050–9064.
Zinke, J., A. Rountrey, M. Feng, S.-P. Xie, D. Dissard, K. Rankenburg, J. M. Lough, and M. T. McCulloch (2014), Corals record long-term Leeuwin
current variability including Ningaloo Nino/Nina since 1795, Nat. Comm., 5, 3607.
Geophysical Research Letters 10.1002/2016GL070767
THEOBALD AND MCGOWAN ATMOSPHERIC HUMIDITY TRENDS DURING ENSO 10,908
